Abstract-The problem addressed here involves a central controller seeking to optimize traffic network performance under real-time routing information provision to drivers while explicitly accounting for drivers' likely reactions towards the information. A fuzzy control approach is used to identify the behavior-consistent information-based control strategies. Experiments are performed to evaluate the effectiveness of the fuzzy controller. The results show the importance of incorporating driver behavior in the identification of the information strategies. Significant differences in terms of total system travel time can be obtained when the behaviorconsistent approach is compared to traditional approaches.
he state-of-the-art uses Dynamic Traffic Assignment (DTA) models to predict network states over time and determine information provision strategies, to achieve realtime operational control of vehicular traffic systems. However, traditional DTA models are behaviorally restrictive and limited in their ability to model driver response to information. Driver behavior is a fundamental factor and a key source of complexity in predicting traffic network states unfolding over time. Few DTA models consider heterogeneity among drivers. Even these models assume that driver behavior classes can be pre-specified. Further, they assume that driver behavior class fractions in the ambient traffic stream are known deterministically a priori.
Incorrect prediction of traffic system states based on the aforementioned assumptions can negatively impact the validity and effectiveness of the information-based control strategies and potentially deteriorate system performance. In reality, the natural mechanism for driver route choice, even under information provision, is based on the driver's innate behavioral tendencies, past experience, situational factors (such as time-of-day, weather conditions, and trip purpose), and the ambient traffic conditions encountered. This is true irrespective of whether drivers receive personalized, generic, or no information [1] .
While information provision and content can be used as control variables to influence system performance [2] , they cannot imply perfect compliance by the drivers to the supplied information, as is predominantly done in the DTA arena. Even studies that view compliance as a variable are restrictive because they still assume rigid behavioral classes. Further, they mostly model compliance through compliance rates by assuming that these rates represent the fraction of drivers that fully comply or do not comply with the recommended route. This approach has limitations from a real-world perspective. First, not all drivers with access to information receive personalized routes. Second, even when personalized routes are recommended, compliance is not an "all-or-nothing" variable in terms of how the information is used. People may use the information to partly modify the existing route based on their behavioral tendencies and past experience.
From the traffic controller perspective, providing personalized or class-specific information based on a better understanding of driver response tendencies and ambient traffic conditions could generate a more effective control paradigm. It aims to answer questions such as: "whom to provide information", "what information to provide" and "when to provide the information" based on explicitly defined system controller objectives and an accurate estimation of the underlying driver decision-making characteristics.
The explicit consideration of driver behavior leads to a new dimension of complexity in predicting traffic states, and this is further complicated by the need to adequately capture the traffic flow dynamics that represent the network-level temporal and spatial interactions of driver route choice decisions. Another dimension of complexity stems from the bi-level interactive structure of the decisionmaking process; at the traffic controller level and the driver level. Typical DTA objectives (such as user equilibrium (UE), system optimum (SO), and bounded rationality (BR)), inherited from static traffic assignment concepts, have a single-level optimization structure (for example, [3] , [4] , and [5] . However, in an operational context, using UE as a behavioral paradigm, or UE and SO as information supply strategies with partial or perfect compliance, are inherently restrictive from a behavioral standpoint. This is because they tend to exclude from explicit consideration situational factors and driver learning (which is based on past experience, personal characteristics, and latent tendencies towards information provision), both of which can significantly affect driver route choice decisions on a specific day. This implies the need for the seamless and 
II. PROBLEM DEFINITION
The Behavior-Consistent Within-day Traffic Routing under Information Provision (BCWTRIP) problem is defined as follows. A central controller seeks to optimize the network performance through the provision of real-time routing information to drivers taking into account the drivers' likely response behavior towards the information. Hence the problem being addressed here is to identify the best information-based route guidance strategies that are consistent, to the extent possible, with the estimated driver route choice decisions, thereby addressing the controller and driver objectives simultaneously. R leaving node i for node j in time interval τ , ∀ i ∈ I, j ∈ J, and τ = 1,..,T, and the aggregate socioeconomic characteristics in the region ϖ ; determine the optimal time-dependent information-based control strategy for the head period of the stage σ, that is consistent with the estimated driver route choice decisions obtained using a driver response behavior model.
IV. SOLUTION CONCEPT FOR THE BCWTRIP PROBLEM
Drivers typically perceive/identify a set of preferred paths that they would likely consider for the current day based on their past experience and current network conditions (provided through advanced information systems). In our problem, we assume that the controller can estimate the set of preferred paths for each driver through driver surveys, historical traffic data, and/or two-way communication systems. However, it is unrealistic to expect that the controller knows the specific preference that a driver assigns to each path in the preferred set, and the effect of information on the associated decision-making process. Therefore, in our approach, the controller uses an estimated behavioral model to determine the probability of a driver choosing a specific path from his/her preferred set.
It should be noted here that a driver's behavioral model is different from the one assumed by the controller. In this paper, we assume that the coefficients of the driver behavioral model are identical across all drivers. Equations (1) and (2) show the structures of the controller estimated driver behavioral model and the behavioral model used by the drivers, respectively. A fuzzy control approach is used to determine the behaviorconsistent information-based control strategies that minimize the difference between the controller's desired system states and the system states estimated using the estimated behavior model. The details of the proposed fuzzy control approach are provided in subsection A.
The proposed solution logic is as follows. Based on the aforementioned logic of recommending a path from the preferred set, and the knowledge of the current network conditions, the controller identifies the information (optimal paths) to be provided to the drivers in the current stage that optimizes the likelihood of drivers choosing the best combination of paths that address the controller objective (minimizing system travel time). These paths are then recommended to the drivers. In this paper, we assume that all drivers have access to personalized information. Each driver uses his/her behavioral logic (using as inputs his/her inherent behavioral tendencies, ambient traffic conditions, and the path recommended by the controller) to then select a path from his/her preferred set. It should be noted here that the selected path can coincide with that recommended by the controller or differ from it partially or fully. The aggregation of all individual driver route choice decisions determines the network performance. The controller then measures the system performance using sensor data, and repeats the procedure for the next stage.
The controller strategy is to direct the system, to the extent possible, towards a system optimal (SO) objective, by influencing driver decisions through information provision. Since the information provided by the controller factors the drivers' preferred path set, along with some other characteristics that influence driver decisions (as illustrated in equation (1)), the likelihood that a driver chooses the path recommended by the controller is increased. Hence, the paths chosen by the drivers are consistent with their behavioral tendencies, and closer to the SO solution that incorporates driver behavior rather than the commonly determined SO solution which is inconsistent with behavior. The reason they are "closer" to the corresponding SO solution rather than reaching it is because compliance with the recommended route may not be perfect due to differences between the controller estimate of driver behavior and the actual driver behavior.
A special-purpose traffic simulation model (DYNASMART) [6] is used to represent the traffic interactions in the network, thereby evaluating the performance of the system under a time-dependent vector of driver route choice decisions. The use of a traffic simulator to model system performance circumvents the need for link performance functions and link exit functions, as well as ensures FIFO, captures link interactions and precludes unintended holding of traffic [3] .
A. Fuzzy Control
A key difference of the BCWTRIP approach compared to most of the traditional DTA approaches is that the controller only recommends paths to the drivers, and does not assume compliance, whether complete or based on an artificial rate. The system states are determined by the driver decisions, but these decisions can be influenced by the information provided by the controller. Thus, the controller only has limited "control" on the system through information provision. Therefore, the controller objective is to "guide" the system, to the extent possible, towards a desired state in each stage (the associated SO solution) by adjusting its information provision strategies. The route chosen by a driver is decided by his/her (actual) behavior model.
While the driver behavior is also estimated by the controller using an estimated driver behavior model, the optimal information strategies are unknown to the controller. Due to computational concerns and the uncertainty on actual driver behavior, a Proportional Integral-like (PI) fuzzy controller is designed and used to determine the system controller's behavior-consistent information-based control strategies.
The fuzzy control approach uses an aggregate fuzzy rulebased information-based control scheme based on a standard fuzzy control framework [7] . There are several advantages of using this scheme in the problem context: (i) the knowledge and experience of the traffic controller in the region of interest can be effectively incorporated into the construction of if-then rules, (ii) the aggregate scheme is computationally effective for real-time traffic network control, (iii) the framework enables the processing/determination of linguistic traffic information, and (iv) the rule-based information control framework is relatively consistent with the driver decision-making process as real-time behavior is not likely to be based on complex model structures.
Two sources of inputs are needed by the fuzzy control approach: (i) the SO assignment solution generated by the SO solution algorithm, in the form of proportion of drivers assigned to each path, and (ii) the estimated driver path choices (using the estimated driver behavior model), in the form of estimated proportion of drivers taking each path. The difference between the SO proportion and the estimated proportion for each path defines the vector of errors. These errors as well as their trends are transformed into fuzzy variables. These fuzzy variables are processed by the if-then rules of the aggregate fuzzy rule-based control scheme to determine optimal proportion of drivers that must be recommended to take each path. This constitutes the set of controller recommended routes.
The fuzzy control approach consists of the following steps: (i) construction of if-then rules, (ii) construction of associated membership functions for each input and output (iii) application of the implication operator for approximate reasoning, and (iv) defuzzification of personalized information to adjust the recommended proportion of O-D demand for a route. Figure 1 illustrates the algorithmic framework of the solution procedure. The algorithmic steps are described hereafter. First, the set of preferred routes for each driver is estimated by the controller. Second, given the current network conditions for stage σ and the projected timedependent O-D demand for stage σ+1, the SO solution is computed for stage σ+1 and is represented as the set of path proportions desired by the controller. Third, an estimated driver behavior model (equation (1)) is used by the controller to estimate driver route choices proportions. Fourth, a fuzzy control procedure is used to identify the behavior-consistent information-based control strategies, for the head period of stage σ+1, that minimize the difference between the SO proportions and the estimated driver route choice proportions determined in the previous step. The stage counter is updated. Fifth, drivers make route choice decisions during the head period of stage σ+1 using the information given by the controller along with other factors (as illustrated by equation (2)). Sixth, a traffic flow simulation model is used to determine network conditions based on the driver route choices, capture network dynamics, and evaluate system performance. Seventh, a check is made to determine if the planning horizon (period of interest) has ended. If so, the procedure stops. If not, we move to the second step of the algorithm and the procedure is repeated. 
B. Algorithmic Framework

V. EXPERIMENTS
Simulation experiments are conducted for the BCWTRIP problem to address two primary objectives: (i) to provide insights on the fuzzy control approach in terms of its ability to identify robust behavior-consistent strategies, and (ii) to compare the performance of the behavior-consistent strategies with that of the traditional DTA-based strategies.
The experiments are conducted for the Borman expressway corridor network. The Borman network in northwest Indiana consists of a sixteen-mile section of I-80/94 (called the Borman expressway), I-90 toll freeway, I-65, and the surrounding arterials and streets, as shown in Figure 2 . It has 197 nodes and 460 links, and is divided into 43 zones.
The Borman expressway is a highly congested freeway with a large fraction of semi-trailer truck traffic. To manage traffic at these high congestion levels, especially under incidents, an advanced traffic management system has been installed on the Borman network to provide drivers with real-time traffic information. The Indiana toll road, I-90, which operates parallel to the Borman expressway is a potential alternative to divert traffic. Depending on the destination, other potential major alternative routes exist as well (such as US-20, US-30, Ridge road, and 73 rd avenue). Five scenarios are evaluated to analyze the effects of five information-based control strategies. As stated earlier, in all scenarios other than the no-information case, all drivers are assumed to have access to personalized information. Furthermore, the same model is used in all scenarios to represent drivers' actual behavior. This is done so as to ensure that the insights are focused on the relative performance of the different information-based control strategies. Also, it is assumed that all drivers with the same O-D pair have the same preferred path set.
The five scenarios are as follows: (i) System optimal dynamic traffic assignment (SO). Here, all drivers are assumed to comply with the recommended SO route. By definition, it represents the best possible system performance.
(ii) No information is provided to the drivers (NO-info). It is the do-nothing strategy, and hence, represents the base-case. Here, drivers make route choice decisions based on past experience. (iii) Provide route guidance using the SO assignment solution path proportions (SO-info). SO routes are recommended to the drivers based on the proportion of drivers that are required to take each SO route. The SO route recommended to a driver may or may not belong to his/her preferred path set. If the recommended route is not in the preferred set, the driver completely ignores the information given by the controller in the route choice decision-making process. If the recommended route is a preferred route, the driver uses the information in his/her decision-making process. Hence, the likelihood of choosing the recommended route is increased.
(iv) Recommend only preferred routes based on their proportions in the SO assignment solution (SO-Dr-info). Hence, if no preferred route exists in the SO solution, the controller does not recommend a path for that driver. This approach increases the likelihood that drivers comply with the controller recommendation. (v) Recommend routes based on the behavior-consistent information-based control strategy (BC-info). Akin to (iv), only preferred routes are recommended to the drivers. However, these recommendations are based on the proportion of drivers that are required to take these routes so as to approach as close as possible to the SO solution proportions. That is, drivers' likely compliance with the recommended paths is factored in determining the recommended path proportions. This can imply the controller recommending paths in higher or lower proportions than the corresponding SO solution proportions so that the actual proportions achieved after the driver decision-making process approach the SO solution proportions. Figure 3 shows the cumulative total system travel times obtained under these scenarios. By definition, the SO scenario has the lowest cumulative total system travel times. Hence, it represents the benchmark for comparing the performance under the other strategies. The results show that both the SO-based information strategies (SO-info and SO-Dr-info) perform worse than even the NO-info strategy. This is consistent with the trends identified in previous studies for high market penetration of personalized information provision. In these two cases, the overall travel times are increased because the controller is recommending some SO routes to the drivers that are already popular independent of any controller recommendation. Hence, large numbers of drivers take these routes even when no information is provided. They are popular because drivers may be more familiar with them, or drivers may be satisfied with the associated levels of service, or because they have some other key attractive attributes from the drivers' perspective. When the controller recommends these routes, they potentially become even more attractive leading to more drivers choosing them. Consequently, if the proportions of drivers taking these routes are higher than the corresponding SO proportions, the routes become significantly congested leading to higher total travel times.
Cumulative Total Travel Times
The aforementioned situation is avoided when using the behavior-consistent information-based control strategy (BC-info) because it takes into account the drivers' likely reactions to the information strategies. Therefore, already popular routes are recommended in lesser proportions than in the corresponding SO solution to avoid over-congestion of these routes. Hence, the behavior-consistent informationbased control strategy not only performs better than the SObased control strategies, but is also able to improve overall system performance. By estimating drivers' likely reactions and only recommending routes that are behavior-consistent, the controller is able to move (to the extent possible given driver behavior) the system closer to the SO solution. The behavior-consistency is also reflected in Figure 4 , where higher compliance rates are obtained for the BC-info strategy compared to those for the SO-based strategies. Figure 4 also illustrates that the compliance rates are reasonably high even for the SO-based strategies (around 80%), though not as much as for the behavior-consistent strategy (around 90%). It illustrates the advantage of factoring driver behavior while recommending routes. In all of these cases, the path recommended by the controller is considered by the drivers only if the recommended route is a preferred route. Hence, the likelihood of choosing the recommended route is increased if the route is a preferred route. However, it should be noted that drivers are likely to experience large travel times if they comply with the recommendations of SO-based strategies. This makes it less likely that they will comply with the controller recommendation in the long-term. It emphasizes the need to incorporate the learning process based on driver experience over time, and motivates the need for a day-to-day analysis of the route choice decision-making process [1] .
VI. CONCLUSIONS
The proposed framework uses the SO strategy in conjunction with driver characteristics to determine information strategies that address both the system controller and driver objectives simultaneously. By using this mechanism, the controller can move the system performance closer to a SO solution. The result is a behavior-consistent information-based control strategy that enhances consistency between the ideal system states (SO) and the actual network states.
The study experiments illustrate the benefits of the behavior-consistent information-based control strategy. The total system travel times are significantly lower compared to those of the no-information and the SO-based information cases. In addition, compliance rates are higher for the behavior-consistent strategy in comparison to those for the SO-based strategies. These insights suggest that factoring driver behavior in the controller route recommendations can enhance performance as well as driver compliance.
The proposed solution concept uses a fuzzy control approach to minimize the difference between the ideal system states (SO) and the estimated system states obtained by accounting for driver behavior. The fuzzy control procedure was found to converge always to a stable solution in terms of the proportions of drivers that must be recommended to take routes. A detailed analysis of the results suggests that most of the preferred routes of the drivers tend to have large behavior-consistency gaps because large numbers of drivers take these routes independent of information provision. In addition, the proposed framework provides a robust and flexible control mechanism that enables continuous calibration of model parameters using real-time data measurements.
